Abstract An integrated approach based on multiple indicators and individual and combinational evaluation methods is proposed to evaluate water scarcity. Four evaluation methods are employed, and their results are joined through three combination methods in order to obtain a consistent evaluation. This iterative-correction approach has been applied to Yunnan Province in China for water scarcity evaluation. The results demonstrate the capability of the iterative-correction framework to provide insightful analyses of water scarcity. Diqing Tibetan Autonomous Prefecture (Diqing) and Nujiang Li Autonomous Prefecture (Nujiang) ranked 1st and 2nd, indicating the best situation for water scarcity evaluation, while Yuxi and Zhaotong ranked 15th and 16th, indicating the worst situation. Two types of major water scarcities were observed in Yunnan Province. One was a typical representative of lack of water quality in the central part of Yunnan, and the other was a typical engineering type in the western part of Yunnan. The water scarcity has been found to arise from non-judicious water use, rapid urbanization and lack of protective measures for water resources. Therefore, it is necessary to conduct more water conservancy projects in future to alleviate the water scarcity issue.
Introduction
Water scarcity is recognized as a growing and serious concern (Yannopoulos et al. 2015; Valipour et al. 2015; Khasraghi et al. 2014; Valipour 2012) . Many international organizations devote serious attention to the challenges related to water resources (FAO 2011; OECD 2015; UNEP 2007) . As UN (the United Nations) mentioned in The World Water Development Report 2015 (UN 2015) , ''Water is at the core of sustainable development. In a sustainable world, water and related resources are managed in support of human wellbeing and ecosystem integrity in a robust economy''. Under climate change, extreme climate events can have significant impacts on the natural environment and human society. This will affect both the quantity and quality aspects of water resources (Duan et al. 2013 (Duan et al. , 2015 . The FAO developed a database called Aquastat as a global water information system, which contains data and information on water resources, water uses, agriculture water management, and wastewater (FAO 2016) . It offers standardized data, information, and tools for exploring the water issues. Water scarcity generally refers to the lack of sufficient available water resources to meet the demand of water usage for both human and the environment within a region and therefore is a relative concept with respect to both water supply and demand. According to this definition of water scarcity, several indices have been developed to quantitatively evaluate water scarcity in the past 30 years. Some typical and frequently used indexes are listed in Table 1 . Table 1 is organized in the order of time when each index was developed. The earliest index is Falkenmark indicator, which is perhaps the most widely used index. The logic underlying behind this index is simple: If we know how much water is necessary to meet human demands, then the water that is available to each person can serve as a measure of scarcity. The index threshold is 1000 m 3 per capita per year. However, it only accounts for water consumption without considering other aspects relating to water scarcity. Watershed sustainability index considers four aspects of water scarcity (hydrology, environment, life, and policy), and the score of which is determined by an index system with a set of subindicators. This scoring process can be subjective, so different people can come up with different results. Water poverty index is a holistic and disaggregated index, which attempts to assess water security at the household and community level. The index components are in five dimensions: access to water; water quantity, quality and variability; water uses for domestic, food, and productive purposes; capacity for water management; and environmental aspects. The indicator has the advantage of its comprehensiveness, but is hampered by its complexity and lack of intuitive understanding (Rijsberman 2006) . The water footprint introduced by Hoekstra (2003) is defined as ''the volume of freshwater used to produce the product, measured over the full supply chain.'' Water scarcity in the region can be calculated as the ratio of water footprint and the water availability (Hoekstra et al. 2009 ). This measurement pays more attention to water consumption.
Apart from the indices discussed above, some other similar indices were reviewed and assessed for better understanding (Juwana et al. 2012; Pedro-Monzonís et al. 2015; Vollmer et al. 2016) . The difficulty of characterizing water stress is that there are many equally important facets to water use, supply, and scarcity (Brown and Matlock 2011;  (White 2014) . When assessing water scarcity, all aspects relating to water scarcity should be considered, so an integrated evaluation approach based on multiple indexes or an index system capable of capturing different aspects of water scarcity is helpful to comprehensively evaluate water scarcity. In this paper, a comprehensive indicator system is established for water scarcity evaluation. This indicator system contains natural water resources, social economy, water supply, water consumption, water environment, and engineering control. There are several specific indicators in each aspect, which can be determined by regional data availability and local situations. When evaluating water scarcity based on the indicator system, an iterative-correction approach is used to synthesize several individual evaluation methods and combinational methods, which can come up with a consensus results for decision makers.
Approach

Water scarcity indicator system
A proper set of evaluation indicator system which can capture the major factors affecting water scarcity is an important basis of any method for water scarcity evaluation. Moreover, the evaluation indicator system should distinguish the different categories of water scarcity. Given that water scarcity lies in water resources, water supply and distribution, management, and demand, these factors should be taken into account, which may include natural water resources, precipitation, topography, climate, water engineering and infrastructures, population, and economic activities. In this paper, a water scarcity indicator system including six categories is established. The six categories are water resources, social economy, engineering control, water supply, water consumption, and water environment. Different indicators are then chosen according to the criteria for each category. The overall 23 indicators are shown in Table 2 . A weighing factor is required to assign to each indicator, which is further used for evaluating calculations. Four methods are commonly used for this purpose, including expert scoring method (Guo 2007) , entropy method (Rubinstein 1999) , mean square method (Von Neumann 1941) , and deviation method (Skúladóttir 1979) .
Evaluation methods
Different evaluation methods offer distinct advantages and disadvantages, resulting in different outcomes for the same evaluation object. Four frequently used evaluation methods are chosen in this paper: fuzzy matter-element method, fuzzy identification method, fuzzy comprehensive evaluation, and weighted sum method for multi-objective optimization.
Fuzzy matter-element method (Liu and Zou 2012 ). This method is based on fuzzy matter-element analysis and the conception of Euclid approach degree. Water scarcity degree of each district is regarded as a matter element. Based on each evaluation indicator and its fuzzy value, the fuzzy matter element is established. The Euclid approach degree is calculated between the established fuzzy matter element and the standard fuzzy matter Water environment Qualified ratio of industrial wastewater discharge: qualified amount of industrial wastewater discharge/total amount industrial wastewater discharge % Processing ratio of urban wastewater discharge: processed amount of urban wastewater discharge/total amount of urban wastewater discharge % Ratio of sewage to runoff: sewage discharge/annual average runoff % Qualified ratio of water function zone: total amount of water resources within qualified water function zones which can satisfy the lowest water quality standard/total amount of water within all water function zones % An integrated approach for water scarcity evaluation-a… 113 element. Finally, based on the weight we obtained before, the water scarcity rank among all districts can be calculated. Fuzzy identification method (Chen 2002) . Water scarcity evaluation is a multi-objective and multi-layered process, which can be regarded as a fuzzy identification problem. Based on the indicator system, the measured indicator matrix and the standard matrix are established. The degree of membership is obtained according to fuzzy change. The objective function is to obtain the minimum for quadratic sum of general weighted distances, and the parameters of which are Hamming distance and Euclidean distance. The evaluation model of water scarcity based on fuzzy identification method is established, and then, the score of water scarcity among all districts is obtained.
Fuzzy comprehensive evaluation (Gong and Jin 2009) . When using fuzzy comprehensive evaluation method, the indicator system is divided into different grades, each representing a degree of water scarcity, for example, mild water scarcity, moderate water scarcity, and severe water scarcity. The membership of each indicator for different grade is calculated. The method of fuzzy transform is used to obtain the final score and then transformed into the rank of each district.
Weighted sum method for multi-objective optimization (Marler and Arora 2010) . When using this method, all indicators are normalized. The weighted average method is used to calculate the score of each district. The score is then transferred into the form of rank.
The advantages and disadvantages of each evaluation method are summarized in Table 3 . Each method has its own emphasis, which may lead to different evaluation results for the same evaluation object.
Iterative-correction framework for integrated evaluation of water scarcity
While each of the above-discussed evaluation methods measures water scarcity, their results are often inconsistent. Toward taking the advantages of each evaluation method and providing consistent information for decision makers, we formulate an integrated water scarcity evaluation framework using an iterative-correction method, which can effectively optimize the combination of different evaluation methods. The iterative-correction method (Wang et al. 2003) , Borda method (Ludwin 1978) , and Copeland method (Saari and Merlin 1996) , are applied. This framework involves the following five steps, as shown in Fig. 1 .
Step 0 Establish an indicator system which captures all the important aspects of water scarcity.
Step 1 Use the four weighting methods, expert scoring method, entropy method, mean square method, and deviation method, to calculate the weight of each indicator. And then final weight of each indicator is determined by averaging the weights calculated by four weighting methods.
Step 2 Assess water scarcity by four individual evaluation methods, fuzzy matterelement method, fuzzy identification method, fuzzy comprehensive evaluation, and multi-objective linear weighting function method and obtain the evaluation results from each method in terms of ranking. An integrated approach for water scarcity evaluation-a… 115
Step 3 Verify the consistency of the evaluation by individual method using Kendall test. If the evaluation results from each method are consistent, further combinational evaluation will be performed. Otherwise the calculation will return to Step 2 to select a new individual evaluation method or return to Step 1 to recalculate the weight of each index.
Step 4 Three combinational evaluation methods, average method, Borda method, and Copeland method, are used to optimize the results from Step 3. The overall water scarcity level is also presented as the form of rank.
Step 5 Verify the difference of three combining methods by Spearman test. If the test result is positively correlated, indicating the consistency of these methods, then the combined evaluation results are accepted. Otherwise, return to
Step 4 and reselect a new evaluation method or adjust the weight of each individual method.
The necessary data for this framework are a set of the numerical values for each indicator in the indicator system established in Step 1, and a threshold to distinguish water scarcity situation for each indicator.
Kendall rank correlation coefficient test
The basic underlying logic of Kendall rank correlation coefficient Test is that for the same evaluated object, the results from the four individual methods should not vary excessively. Suppose there are m individual methods used to evaluate water scarcity degree in n districts, and q ij represents the rank of the ith district using the jth method. The Kendall test is described as follows with coefficient W representing the correlation of different ranks.
Null hypothesis: All individual methods are uncorrelated. Alternative hypothesis: All individual methods are correlated.
The coefficient W is given as,
where
The statistics of Chi-square test with the degree of freedom of (n-1) can be calculated by
The critical value v a/2 2 (n-1) can be obtained for a given significance level a. When v 2 (n-1) is less than the critical value v a/2 2 (n-1) at a given significance level a, the null hypothesis is rejected, indicating that all individual methods are positively correlated, and the evaluation results are consistent.
Spearman rank correlation coefficient test
The Spearman test is used to verify the consistency of the results from three combinational evaluation methods.
Null hypothesis: The methods p and q are uncorrelated. Alternative hypothesis: The methods p and q are correlated.
Assume that s combinational evaluation methods are applied to evaluate n objects. When z ip and z jq are the ranks of object i using methods p and q, respectively, the Spearman rank correlation coefficient between methods p and q is expressed as the following:
For a given significance levela, the null hypothesis is rejected if q pq [ (1-a), indicating methods p and q are positively correlated. If all methods are positively correlated, the results are consistent.
3 Water scarcity evaluation in Yunnan Province, China (Fig. 2) . The landscape of Yunnan Province is not commonly regarded as arid. Yet, affected by climate change and social economic development, up to May 2012, 83 counties of Yunnan Province suffered a meteorological drought, which led to 412 rivers cut off, 626 reservoirs dry up, and 928.5 9 10 4 people being hit by droughts. Surveys show that the direct economic loss caused by drought is 148 billion Yuan RMB. Thus, it is of great importance to evaluate water scarcity in Yunnan for water resources management.
Located in southwest of China and carved by Hengduan Mountains, the landforms of Yunnan Province are very complex with abundant water resources. However, it is difficult to fully explore the water resources to meet the demand due to the complexity, high cost, and low marginal benefit. The specific terrain and climatic conditions results in an unevenly spatial and temporal distribution of water resources. Covered by mountain areas and plateau, Yunnan Province has suffered from disasters caused by drought and flood alternatively. There is no balance in distribution of water resources and economic development factors.
The integrated evaluation framework is applied to assess water scarcity situation of 16 districts in Yunnan Province based on the value for each indicator in the year of 2010, when a huge drought happened. All the data were collected from Yunnan Statistical Table 4 . The thresholds divide water scarcity situation into four grades: no water scarcity, mild water scarcity, moderate water scarcity, and severe water scarcity. Such thresholds are determined by referring guidelines and standard documents related to water.
Water scarcity evaluation for Yunnan Province in 2010
The evaluation results in terms of ranking from fuzzy matter-element method, fuzzy identification method, fuzzy comprehensive evaluation, and multi-objective linear weighting function method are shown in Fig. 3 . From the results, it is evident that ranking results for the same object with different methods are not the same. This evaluation inconsistency shows the shortcoming of individual evaluation methods.
By calculating the Kendall rank correlation coefficient, we obtained the statistical magnitude v 2 (16-1) = 68.92 at 5 % of significance, larger than the critical value v 0.05/ 2 2 (15) = 27.48. This indicates that all four individual methods are positively correlated and pass the Kendall rank correlation test without returning to Step 2. Therefore, in order to obtain more consistent and optimized results, combinational evaluation is performed to synthesize the results from individual methods.
For three combinational evaluation methods, they all showed the same rank for each district, which means that the three methods are positively correlated and passed the Spearmen test (Fig. 4) . The evaluation ranks, therefore, are accepted as the final evaluation results of water scarcity in each district (Table 5 ). In order to analyze the water scarcity type, this framework is then applied to each criterion layer of the indicator system (Table 5; Figs. 5, 6) . With lower rank, water scarcity situation is severer.
From Table 5 , Diqing, Nujiang, and Xishuang show better water scarcity situation than Kunming, Yuxi, and Zhaotong. Meanwhile, the ranks of criteria layer are much more different from the final rank, which means that different districts are of different water scarcity type. According to Xu et al. (2009) , water scarcity situation can be classified into four basic types: efficiency type, resource type, quality type, and engineering type. Sometimes a district may show two or more characteristics of basic type, so it can be regarded as a compound type of water scarcity. In this paper, water resources and water supply criteria layers represent resource-type water scarcity, social economy and water consumption criteria layer represent efficiency-type water scarcity, engineering control criteria layer represents engineering-type water scarcity, and water environment criteria layer represents quality-type water scarcity. The water scarcity types of each district are shown in Fig. 7 .
Discussion
Methodological discussion
Comparison of Figs. 3 and 4 shows how the iterative-correction framework performs over individual methods. Figure 3 show that the results of four individual methods are inconsistent, especially fuzzy matter-element method, which presents a different pattern from other three methods. It is normal that the four individual methods come up with different An integrated approach for water scarcity evaluation-a… 119 results due to their different assumption and methodology. It is tough to determine the best suitable method, as every method has its own emphasis. The iterative-correction framework can resolve this issue by combining different individual methods and finally providing a consistent result. From Fig. 4 , the iterative-correction framework gives consistent results after combining the different evaluation results for four individual methods using three combinational evaluation methods. Therefore, the iterative-correction framework is a good way to integrate different methods and provide more rational evaluation results. An integrated approach for water scarcity evaluation-a… 121
As introduced in Sect. 2.3, the iterative-correction framework requires the value of each indicator in the indicator system. All the data can be obtained from the Statistical Yearbook or Water Resources Bulletin of the study area. If the data are not available for some districts or some indicators, then it is possible to change the indicator into another one representing similar aspect of water scarcity. In other words, the indicator system (Table 1) is not a specific one. Each indicator in this system is changeable, when considering data availability and the actual situation. In this sense, the iterative-correction framework proposed in this paper can be used in not only water scarcity evaluation, but also other situations, as long as a meaningful and data available indicator system can be established.
Implications for Yunnan Province
The major cities in the central part of Yunnan Province are Kunming (capital city) and Yuxi. As for Kunming, the ranks of water resources criteria layer and water environment criteria layer are 14th and 15th, and Yuxi's ranks of water resources layer and water environment layer are 15th and 14th. The ranking reflects lack of water resources and bad water quality at Kunming and Yuxi. In addition, the lower rank in social economy layer and higher rank in engineering control layer indicate rapid urbanization and higher population density in the central part of Yunnan Province than other parts of Yunnan Province. Even though the government has invested in the construction of water conservancy engineering projects, it cannot meet the need of developing economy. At the same time, severe water contamination problem, partially due to insufficient sewage treatment industry, leads to substandard water quality. The two major problems, lack of freshwater resources and bad water quality caused by economic development, make central part of Yunnan the quality-resource compound-type water scarcity.
Nujiang and Diqing are the two major cities in northwestern part of Yunnan, overall ranked 2nd and 1st, indicating that these two districts are the best among all. However, it should be noted that the ranks of engineering control layer for these two districts are 16th and 15th, the last among all districts. Therefore, two districts can be regarded as typical engineering-type water scarcity. Located in the joint part Hengduan Mountains and Tibet Plateau, Nujiang and Diqing have a relatively high altitude. Lying across Nujiang River and Jinshajiang River, the two districts receive plenty of freshwater resources, but difficult to access and utilize. That is the reason why there are less water conservancy projects, and water resources utilization ratio are only 0.8 and 1.1 for these two districts. It is also the reason why these areas experienced severe water scarcity during drought in recent years. Qujin, located in central-eastern part of Yunnan Province, is ranked 12th overall, but its rank of water consumption layer is 16th, at the bottom among all districts. Water resources per capita and water consumption per 10 4 RMB Yuan GDP are much higher than any other district, making Qujin the typical efficiency-type water scarcity. The main characteristic for this type of water scarcity is that in order to expand the scale of production, the economic growth mainly relies on increasing the investment of productions, which makes the water consumption much higher and efficiency much lower. Therefore, the introduction of new water-saving techniques to all industries can be helpful to improve the water use efficiency. The construction of water-saving society is also recommended here. In this way, Qujin can switch its economic development mode gradually from extensive form into intensive form.
Zhaotong, the only district in northeastern part of Yunnan Province, ranked 16th overall, the last among all districts, indicates that Zhantong is facing the most severe water scarcity situation. The northeastern part is the joint area of Yunnan Province, Guizhou Province, and Sichuan Province. It is also the central part of ''Panxin-Liupanshui economic Fig. 7 Water scarcity type for each district of Yunnan Province development zone'' proposed by the China central government in 1990. More attention was been devoted to the economic development in this zone since 1990, which caused serious water pollution. It is a typical quality-type water scarcity. The major cities in the southwestern part of Yunnan are Lincang, Pu'er, and Baoshan. The final ranks for these three districts are 10th, 13th, and 9th, respectively. This indicates that they are facing moderate water scarcity. The ranks of water environment layer for these three cities are 13th, 12th, and 10th, while the ranks of water engineering control layer are 8th, 11th, and 13th. This can be regarded as quality-engineering compound-type water scarcity. During economic development, insufficient attention was paid to water environment, resulting in relatively bad water quality. Sufficient investment in water conservancy projects can increase the exploitation and utilization of water resources in these districts, thus improving the water scarcity situation.
Chuxiong suffered the worst situation when the devastating drought happened in southwestern China in 2010. Located in the central part of Yunnan Province, Chuxiong ranks the last in water resources layer and 13th in water supply layer, which constitutes its overall 11th rank. The major problem for Chuxiong is a lack of freshwater resources. Its water supply condition is not optimal neither considering the low available water supply per capita and available irrigation ratio. Chuxiong can be regarded as resource-efficiency compound-type water scarcity. In terms of engineering control, Chuxiong ranks the 3rd among all districts. The water conservancy engineering investment ratio for Chuxiong is 5.07 %, higher than other districts. The construction of water conservancy projects can alleviate water scarcity situation in this district.
Among all the 16 districts, Lijiang and Dali, famous tourist cities in China with tourism as their major industry, have a better situation in water consumption and water environment. The local governments have guaranteed the ecological environment in order to support their tourism industry. On the other hand, located in northwestern part of Yunnan Province, Lijiang water resources exploitation index is a lower due to its complex landform, causing a bad condition for water supply. More projects for water resources exploitation can help improve its water scarcity situation.
The minority areas in Yunnan Province consist of Wenshan, Xishuang, Dehong, and Honghe. The overall water scarcity ranks of Wenshan and Xishuang are 4th and 3rd, respectively, indicating a non-severe water scarcity in these two areas. However, the water exploitation ratios of Wenshan and Xishuang are just 4.3 and 6.7, respectively. They have a character of engineering-type water scarcity.
The water scarcity of Dehong and Honghe is ranked 6th and 7th, respectively. The rank of water resources layer for Honghe is 10th, indicating insufficient freshwater resources. Due to judicious use of water and protection of its resources, Honghe does not experience severe water scarcity. On the other hand, Dehong is ranked the 2nd in water resources layer, yet the ranks in water supply and water consumption layer are both 14th because of improper use of water resources. Located in west part of Yunnan Province, Dehong's complex landform makes it much harder to construct water conservancy projects. The water scarcity type for Dehong is efficiency-engineering compound type. More investment in water conservancy projects and reasonable water utilization is suggested for this area.
Conclusions
This paper proposes an integrated water scarcity evaluation framework by employing the iterative-correction method to optimize evaluation results, which effectively solves the inconsistency problem of different estimation methods. The assessment of water scarcity in Yunnan Province, China, in the basis year 2010 using this evaluation framework shows that the most severe water scarcity situation occurred in central part of Yunnan ProvinceKunming and Yuxi. This area lack water resources, and the rapid development of economy has resulted in water pollution issues. The least water scarcity situation occurred in the northwestern part of Yunnan Province, e.g., Diqing and Nujiang. This area is rich in rivers, and the population density is low, which makes the final rank higher than other districts. Except for Kunming, Yuxi, and Qujing, the water exploitation ratio for other districts is all below 5 %, indicating an engineering-type water scarcity. In the future, more water conservancy projects can be considered to alleviate the water scarcity situation and to avoid huge damage when droughts occur.
